Interannual variability of wood density -an important plant functional trait and environmental proxy -in conifers is poorly understood. We therefore explored the anatomical basis of density. We hypothesized that earlywood density is determined by tracheid size and latewood density by wall dimensions, reflecting their different functional tasks.
Introduction
Quantifying the spatial and temporal variability of woody tissue in trees is a long-standing research priority (e.g. Fritts, 1976; Hanewinkel et al., 2012; Frank et al., 2015) . Considerable efforts in recent decades have led to the assembly of global data sets of annually resolved tree-ring parameters (http://www.ncdc.noaa.gov/data-access), which have been used, in particular, to set the current climate in the context of a longer term perspective (e.g. Frank et al., 2010) . Similarly, intensive studies of wood anatomical features have been critical in establishing general concepts of xylogenesis as well as the structural properties and functional priorities of the xylem (e.g. Tyree & Ewers, 1991; Rossi et al., 2012; Cuny et al., 2014) . However, the relatively new approach of measuring interannual records of anatomical properties (e.g. Pritzkow et al., 2014; Castagneri et al., 2015) has not yet reached its full potential, mainly because of technical difficulties in producing data (see Prendin et al., 2017 and von Arx et al., 2016 for recent progress). In the broader context of tree growth, one potential application of this approach is in studying the link between, on the one hand, widespread and well-replicated tree-ring data (ring width and density) and, on the other, the fewer and less well replicated data sets for quantitative wood anatomy (e.g. the cell lumen and cell wall). The joint use of tree-ring and anatomical data can have synergetic potential because it may provide a breakthrough in identifying how anatomy defines interannual variations in density, and in turn facilitate interpretations of how radial growth and wood density are interconnected and climatically controlled; insights into the anatomical basis of wood density can, conversely, make wood density a valuable tool for assessing interannual variability in xylem architecture and associated functional properties.
The xylem of conifers is essentially composed of tracheid cells that -depending on their anatomical characteristics -are mainly optimized for efficient water transport, or providing structural support (Wodzicki, 1971; Tyree & Zimmermann, 2002) . Early in the growing season, cell division is fast and the subsequent cell enlargement has a relatively long duration (Cuny et al., 2014) . The wall-thickening phase is relatively short but the wall thickness must be sufficient to minimize the risk of cell implosion causing hydraulic failure (Hacke et al., 2001; Pratt et al., 2007) . The resulting tracheids become large (earlywood cells) and supply the bulk of the crowns' water demand. Later in the growing season, cell division slows down, the enlargement phase shortens and the wall-thickening phase extends (Cuny et al., 2014) . The narrower band of thick-walled small-diameter tracheids (latewood cells) works as armature for the tree structure (Larson, 1994) , but has limited water transport capacity because of the narrow tracheid lumina (Sperry et al., 2006) . This intra-annual dichotomy balances investments in either earlywood or latewood tissue and represents a continuous attempt to best allocate the available resources to guarantee adequate and sustainable functioning of the xylem (Sass-Klaassen et al., 2016) . In fact, there seems to be considerable interannual variability in anatomical properties in both earlywood and latewood components (e.g. Pritzkow et al., 2014) , presumably having a substantial impact on the two major functions of the xylem and consequently also wood density.
In the field of dendroclimatology, the most frequently used parameters are tree-ring width (TRW) (e.g. St George, 2014) and maximum latewood density (MXD) (e.g. Schweingruber et al., 1978; Briffa et al., 2002a) , whereas other available tree-ring parameters, such as latewood density (LWD), earlywood density (EWD), minimum density (MND), tree-ring density (TRD), earlywood width (EWW) and latewood width (LWW), are rather rarely used (e.g. Cleaveland, 1986; Griffin et al., 2013; Babst et al., 2014; Camarero et al., 2014; Olivar et al., 2015 being notable exceptions). This preference for TRW and MXD has evolved naturally as a consequence of technical constraints and prioritization of parameters with documented high sensitivity to climate (e.g. Schweingruber et al., 1978) . With the exceptions of some attempts to model aggregates (e.g. Misson et al., 2004; Rathgeber et al., 2005) , and to empirically study ontogenetic trends of some of the tree-ring parameters (e.g. Gartner et al., 2002; DeBell et al., 2004) , the combined potential of these parameters, as a means to widen the perspective and explore general phylogenetic and geographical patterns of interannual tree growth, is generally neglected. Furthermore, a tree-growth centric use of the above-mentioned tree-ring parameters would benefit from meaningful information about the underlying anatomical basis of these parameters. In a general sense, the anatomical basis of tree-ring parameters is conceptually known; ring width is largely a function of the number of tracheids produced each season, and wood density is a function of the average size and the amount of wall material fixed in the tracheids (Vaganov et al., 2006) . At intra-annual timescales, density increases from earlywood to latewood, mainly as a function of diminishing sizes of tracheids (e.g. Rathgeber et al., 2006; Cuny et al., 2014) . However, the specific contributions of cell size and wall dimensions at interannual timescales have not been widely explored. The interannual variability of latewood density has mainly been attributed to fluctuations in cell-wall material (Wang et al., 2002; Vaganov et al., 2006) ; however, there have been no investigations, to our knowledge, of the anatomical basis for the interannual fluctuations in earlywood density. This leads to the question of whether tracheid size or the amount of tracheid wall material dominates the interannual variability in earlywood density, and we emphasize that the relative importance of the different anatomical features may be different in earlywood and latewood as a result of their fundamentally different functions, which are conductivity and mechanical support, respectively.
Against this background, we postulate the following hypotheses: the interannual variability in earlywood density in conifers is mainly governed by fluctuations in the sizes of the tracheids (cross-sectional tracheid area (TA)), which indirectly influence lumen sizes and sap flow; a re-examination of the interannual variability in latewood density will verify that it is mainly governed by fluctuations in the incorporated cell wall material (cross-sectional cell wall area (CWA)) to enhance mechanical support.
To examine these hypotheses, first, we present a comprehensive analysis of a network of tree-ring width and density data covering mainly the boreal part of the Northern Hemisphere to establish general patterns of interannual growth variability. Second, we conducted corresponding analyses using a smaller wood anatomical data set to confirm the presence of similar patterns. The corresponding anatomical analyses were conducted by deriving density and width features from cell anatomical features, thus establishing an interface between tree-ring data and wood anatomical data. Third, we performed a series of sensitivity analyses of the cell anatomical features to identify their contribution in determining wood density to examine our hypotheses. Finally, we discuss the implications of the hypothesized contributions of cell size and wall dimensions to wood densities to promote our understanding of how tree-ring growth parameters are interconnected but also environmentally controlled. Further, we discuss how the identification of the anatomical basis of density can help to assess interannual fluctuations in anatomical properties and the associated impacts on xylem functionality.
Materials and Methods

Northern Hemisphere network of tree-ring data
This study includes ring width and density data retrieved from the International Tree Ring Data Bank (ITRDB; https://www. ncdc.noaa.gov/data-access/paleoclimatology-data/datasets/treering). The included data sets were selected by screening for sample sites where most of the parameters MXD, LWD, MND, EWD, LWW, EWW and TRW (Fig. 1) 
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Moreover, the TRD parameter (not archived) was computed as:
(t, the year of each tree-ring property.) In the following, we often use the terms 'latewood density' for LWD and MXD, 'earlywood density' for MND and EWD, 'ring density' for TRD and 'ring width' for EWW, LWW and TRW. The Northern Hemisphere network of tree-ring data (NH-network) largely consists of boreal conifers, targeted by Fritz Schweingruber and colleagues during the last three decades of the 20 th Century for temperature reconstruction purposes (e.g. Briffa et al., 2002b) . See Fig. 2 for the geographic distribution of chronologies and genera, and Supporting Information Notes S1 and S2 and Figs S1 and S2 for further details on the NH-network. Analyses in this study focused on interannual to decadal timescales. Therefore, longer timescale variance in the tree-ring data, such as the biological age trends, or lower frequency variability driven by internal or external factors (including climate) was removed through standardization (Fritts, 1976) . Cubic smoothing splines with a 50% frequency response cutoff at 35 yr (Cook & Peters, 1981) were fitted to each individual tree-ring series. The splines were either divided into (ratios for ring widths) or subtracted from (residuals for densities) the tree-ring series to produce indices (Cook & Peters, 1997) . The resulting indices were averaged arithmetically into tree-ring chronologies, that is, time-series with annually dated tree-ring information. The common signal, that is, a synchronous behavior in each chronology's tree-ring series through time, was assessed with the Rbar statistic (Wigley et al., 1984; Fig. S3) . The interrelationship among NHnetwork parameters was investigated with pair-wise Pearson correlations for each site and species over the full length of each chronology.
Climate data and climate correlations
The climate correlations in the NH-network were calculated using the Climatic Research Unit Time-Series version 3.22 (CRU TS3.22) data set, which consists of 0.5°gridded monthly temperature and precipitation data spanning 1901-2013 (updated from Harris et al., 2014) . The data set was detrended analogously to the tree-ring data to extract highfrequency variations, to match the limited frequency range of the detrended tree-ring data and to reduce probabilities of spurious correlations resulting from trends in the data sets. We used the MATLAB function seascorr, developed by Meko et al. (2011) , to quantify the climate signals in the tree-ring data. Pearson correlation coefficients were computed between each parameter chronology (for each site and species) and the temperature data from the nearest grid point. The relationships were assessed using monthly data in a 19-month window spanning the period from April of the year before ring formation to October of the year of growth. Correlations were computed for the period of maximum overlap between each site chronology and the observational climate record. Although a common period would provide increased consistency, the maximum overlap was chosen to attain as robust correlations as possible, as the common period in our NH-network only spans 1941-1968. As there was often strong covariation between temperature and precipitation (e.g. higher warm-season temperatures associated with lower precipitation; Trenberth & Shea, 2005) , we computed partial correlations between precipitation and tree-ring data to determine if the confounding covariation of climate parameters is important, but also to determine if moisture alone is limiting for growth.
Moreover, the broad spatial and phylogenetic behavior of the temperature response across the NH-network was analyzed using a cluster analysis, here the K-MEANS algorithm (MacQueen, 1967) . The analysis was based on the correlation matrix quantifying relationships between monthly temperatures and the latewood density records. The clustering was based on the current year MXD parameter, as it displayed the most significant temperature response. The distance from each observation to the centroid of the cluster (group) was quantified using the Euclidean distance. The optimal number of clusters in the data set was estimated by means of the gap statistics (Tibshirani et al., 2001 ) and the silhouette width (Kaufman & Rousseeuw, 2009 ).
Tracheid anatomical data
The anatomical data used in this study included features of tracheid radial diameter, cell wall thickness ( Fig. 3) and number of tracheids per ring from eight data sites; see open circles in Fig. 2 for the geographic distribution. These data are further described in Notes S4.
The density of conifer wood can largely be determined by two different wood anatomical parameters: CWA, the area of wall From the intra-annual profile, the parameters minimum density (MND), earlywood density (EWD), tree-ring density (TRD), latewood density (LWD) and maximum density (MXD) were derived. In the Northern Hemisphere (NH) network, the transition from earlywood to latewood is defined as the 50% threshold between MND and MXD, with a step progression of c. 10 lm along the radial profile.
within the tracheid, and TA, the area within the outer dimensions of the tracheid (Eqn 2; Fig. 3b ; Vaganov et al., 2006) . CWA and TA profiles were derived from the tracheid diameters and cell wall thickness measurements using model equations established in Fonti et al. (2013; Notes S4) , at a similar radial step size to that commonly used in the NH-network (10 lm). From the anatomical profiles, we calculated density profiles and extracted parameters such as MXD, in a similar manner to how MXD parameter is extracted from X-ray profiles (Fig. 1) . The density profiles were calculated as follows:
Eqn 2 where q denotes density and thus q CWA/TA represents the bivariate relative intra-annual wood density profile (Fig. S4a) . We conducted similar parameter intercorrelation and climate correlation analyses as were performed for the NH-network and compared average broadscale features from the X-ray density data and the anatomical density data.
To identify the importance of either wall material or cell size for interannual variations in wood density, we applied a series of sensitivity analyses, a statistical method that aims to determine the relative influence of each input parameter on a modeled output parameter by alternately holding one input parameter constant. In this study, the modeled output parameter was anatomical wood density, and the input parameters were CWA and TA. Thus, the analysis involved the calculation of density profiles with Eqn 2, but also calculating interannual density profiles alternately using an average profile of either CWA or TA as follows:
where q CWA denotes the univariate intra-annual wood density, where only CWA contributes to the interannual variation in density, and q TA is the inverse case. Again, we extracted the density parameters from the profiles ( Fig. S4a-c) . Subsequently, bivariate and univariate densities were correlated to each other, but also to corresponding widths and to current-year temperatures. To describe the results of the sensitivity analysis, we henceforth usually adopt the terminology r[x, y], which denotes the correlation between the parameters x and y. Typically, x and y refer to widths, bivariate or univariate anatomical densities, or monthly temperature parameters.
Results
Intercorrelation analyses of the NH-network
The intercorrelations between the ring width and density parameters in the NH-network revealed a strongly systematic pattern (Fig. 4) . We found a consistently negative association between ring width and earlywood density, a modest association between ring width and ring density, with both negative and positive correlations, and finally a predominantly positive correlation between latewood density and ring width (Fig. 4) . We henceforth refer to this switch in the sign of correlations as the 'EW-LW correlation-sign change'. The intercorrelation analysis also showed that the width parameters EWW and LWW were usually highly positively correlated to each other, but the earlywood density and latewood density parameters were usually only modestly correlated (Fig. S5) .
We also observed a prominent gradient in correlation coefficients of many parameter pairs, from western North America to Eurasia. The gradient was most pronounced for r[ring width, latewood density] and strongly related to the uneven spatial sampling of Larix sp. and Picea sp. (Fig. 4b) . The gradient feature is henceforth referred to as the 'bimodal biogeographic correlation', where Larix sp. exhibited a more pronounced 'EW-LW correlation-sign change' than Picea sp. (Fig. 4b) . The 'bimodal biogeographic correlation' appeared for most parameter pairs (Figs 4b, S5) but was less pronounced for r[ring width, earlywood density] or r [EWW, TRW] . The pattern can partly be explained by referring to the fact that Picea sp. usually displayed lower withinchronology series intercorrelation (Rbar) (Fig. S3b) . That is, Picea sp. ring-width series contained a lower degree of Research New Phytologist common variance -when noisier data are correlated with data with stronger signal (exhibited within density), the chance of attaining high correlation coefficients is reduced. It is, however, unlikely that the 'bimodal biogeographic correlation' was exclusively related to the lower Rbar for Picea sp. widths, for at least two reasons: the pattern was not discernible in the correlation between width and density in the earlywood, and these (negative) correlations were highly significant, pointing to a predictable, non-noise-driven process in Picea sp. ring widths; the pattern was maintained also when correlating only density parameters, for example r[latewood density, earlywood density] (Fig. S5) . Thus, there probably also exists a systematic anatomical difference that can more comprehensibly explain the 'bimodal biogeographic correlation'.
Climate correlation and grouping of the NH-network
The climate-growth relationships across the sites and species indicated that temperature is the most important climatic factor in the NH-network (Fig. 5) , although weaker but consistent correlations with precipitation were also emerging in late summer for all density parameters at most latitudes (Fig. S6) .
The temperature response of the ring-width parameters (Fig. 5) for sites above c. 55°latitude was generally positive in midsummer, and for sites around c. 40-55°N, the broadscale signature was a lagged negative correlation with previous years mid-or late summer temperatures. Latewood width showed reduced lagged correlations in comparison to earlywood width. The temperature correlations of the density parameters were usually stronger and more consistent over latitude. In the following, we explore the wood density temperature interaction in more detail.
The cluster analysis divided the NH-network into five groups with characteristic climate response patterns. Fig. 6 shows the spatial repartition of the sites and species belonging to each cluster, with the average temperature response of the density parameters (see Fig. S7 for complete results).
Clusters 1, 2, 4 and 5 described distinct temperature signals, while cluster 3 grouped sites without a clear latewood density temperature correlation. Cluster 1 sites were predominantly located at high latitudes or altitudes in Scandinavia, European Russia and Canada, and was primarily composed of Picea sp., Larix sp. and Pinus sp. Its composition was not substantially different from the original fractionation of genera in the entire NH- The measured cell anatomical parameters include (i) lumen diameter (LD) and cell wall thickness (CWT) but also the number of cells along the radial distance from the beginning of the earlywood to the end of the latewood. From LD and CWT, the parameters (ii) cell wall area (CWA) and tracheid area (TA) were calculated using equations presented in Supporting Information Notes S4. These parameters were used to calculate (iii) relative wood density q = CWA/TA. (c) Conceptual model of how univariate and bivariate densities change when TA, CWA or both are changed, respectively. Note the difference between earlywood and latewood, the gray arrows indicating the direction of bivariate density increase. Univariate densities behave in the same way in both earlywood and latewood, whereas bivariate density (q CWA/TA ) is commonly positively correlated with q TA in the earlywood, but does not have to be positively correlated with q CWA . q CWA/TA is, by contrast, commonly positively correlated with q CWA in the latewood but can be negatively correlated with q TA because of the usually small changes in the lumen area, thus defining a functional switch in variability of tracheid anatomy in earlywood and latewood, respectively. network (Fig. S7a) and was therefore classified as geographically determined. Cluster 2 was composed of lower latitude sites, located mainly throughout the Alps, in which the genera Picea sp. and Abies sp. were overrepresented. Cluster 4 suggested a more or less genus-specific separation and is predominantly constituted by Picea sp. scattered across the North American continent. The majority of the sites in cluster 5 were found in Siberia, and contained predominantly Larix sp.
The temperature correlation for each cluster revealed striking complexities and similarities, among clusters but also among parameters (Fig. 6) . The correlation structure was broadly characterized by a reliable positive correlation with current-year spring (March-May) temperature, with the temperature correlation being strongly dampened for all parameters at most sites (or even negative for the MND parameter) in midsummer (June-July), here termed the 'midsummer decline' (Figs 5, 6 ). Late summer was again characterized by positive correlations, particularly when gradually moving from the earlywood to the latewood density parameters. Furthermore, the earlywood densities showed systematic lagged correlations with previous-year late summer temperatures. The lagged correlations were increasingly dampened moving to ring density and were largely absent in the latewood density parameters. These patterns were observed, albeit to varying extents, in all of the five clusters (Fig. 6) . However, the northernmost sites (Fig. 5) , or cluster 5 (Fig. 6) , did not indicate a 'midsummer decline' in the MXD parameter. Moreover, the southernmost earlywood density site chronologies (Fig. 5) displayed more prominent positive spring temperature signals starting already in February, accompanied by an extended period of negative precipitation signals from the previous October to the current June (Fig. S6) .
Validation of the anatomical data set
Moving from the X-ray-derived density data to the cell anatomyderived density data, the same broadscale features as described in Figs 4-6 were observed (Figs 7a, 8, upper panel) .
To summarize, the 'EW-LW correlation-sign change' (Fig. 7a ) was a prominent feature in the anatomical data; the 'bimodal biogeographic correlation' was also represented by the stronger 'EW-LW correlation-sign change' in Larix sp. (Fig. 7a) ; the temperature correlation was very similar to the NH-network results, even featuring a pronounced latewood density 'midsummer decline' for Picea sp. but not for Larix sp. (Fig. 8, upper panel) . The only discrepancy between the cell anatomical data set and the tree-ring data set was the lack of a previous-year lagged temperature correlation for the earlywood anatomical densities (results not shown).
Sensitivity analyses of the influence of tracheid anatomy on wood density
We found that ring width measurements were consistently negatively correlated with the univariate tracheid area density (r[width, q TA ] < 0). Furthermore, we found positive coefficients for r[width, q CWA ] (Fig. 7a) . Thus, both univariate versions of density lacked the 'EW-LW correlation-sign change'. To attain an 'EW-LW correlation-sign change' in the observed direction (Fig. 4) , we must then infer that TA dominated the variability in earlywood densities, whereas CWA was the primary control on the latewood density.
The bivariate density was positively correlated with the univariate CWA density (r[q CWA/TA , q CWA ] > 0) throughout the entire tree ring and increased in strength moving from earlywood to latewood. By contrast, r[q CWA/TA , q TA ] was positive only in the earlywood, and became negative in the latewood (Fig. 7b) , and absolute values of correlation coefficients were rather unchanged, being higher than r[q CWA/TA , q CWA ] only in the earlywood. This again suggested that the earlywood was dominated by fluctuations in TA, however it did not entirely exclude the role of CWA. The situation was more complex in the latewood. The fact that r[q CWA/TA , q TA ] was negative in the latewood means ) and green (Picea sp.) dotted vertical lines denote the analog results from the cell anatomical network. Note the shift from negative correlations between earlywood widths and densities to positive correlations between latewood widths and densities, here termed the 'EW-LW correlation-sign change'. Note also the zonal gradient in the strength of correlation coefficients, most prominent for latewood width vs latewood density, termed the 'bimodal biogeographic correlation', which coincides with the uneven spatial distribution of the genera Larix sp. and Picea sp., also evident from the analog cell anatomical data analysis.
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New Phytologist that we counterintuitively observed a bivariate density increase when the cell size was increased. This finding suggests an even greater increase in CWA that compensates for fluctuations in TA. This is supported by the nearly constant lumen size in the latewood (Fig. S8) . Fig. 3 (c) conceptualizes these interannual anatomical differences between earlywood and latewood density.
The temperature correlation of the univariate tracheid area density (r[temperature, q TA ]) was almost identical to r[temperature, q CWA/TA ] in the earlywood parameters (cf the negative June correlation (Fig. 8) Overall, these results indicated that earlywood density was predominantly controlled by fluctuations in tracheid size, whereas the fluctuations in latewood density were more difficult to disentangle because of the high degree of collinearity between TA and CWA (Fig. 7b) .
Discussion
In this study, we jointly assessed quantitative wood anatomy and tree-ring data, to disentangle the contributions of different anatomical features (cell size and cell wall dimensions) to interannual earlywood and latewood density. In the NH-network, which was used in this study to provide a broad overview, we found contrasting associations among tree-ring parameters moving from earlywood to latewood, and intricate correlations with climate (Figs 4-6) . We confirmed that the large-scale patterns were compatible with the results found for the density and width derived from the anatomical data sets (Figs 7, 8) . This enabled us to study the association between tracheid anatomy information and treering data. It is important to note that the confirmed patterns in the anatomical data could have been easily missed or dismissed without the support of the NH-network, highlighting the benefit of our broader approach.
In the anatomical data set, we found support for the first hypothesis, that earlywood density in conifers is mainly governed by fluctuations in tracheid size. However, we could not confirm or reject the second hypothesis, that the latewood density is mainly governed by fluctuations in the incorporated cell wall material. Our results do not therefore fully support the conclusion that cell wall material, and not cell size, dominates the interannual variability in latewood densities (e.g. Wang et al., 2002; Vaganov et al., 2006) . We rather found that such a distinction is unnecessary because larger cells are also associated with Correlation coefficients were computed between monthly temperatures for the previous (April-December) and current (January-October) growth year and the different Northern Hemisphere (NH) network parameters. The horizontal bars indicate chronology replication over the latitudes (averaged over 1°latitude intervals), stratified according to tree genera with a color code. Climate data were obtained from the CRU TS3.22 data set (Harris et al., 2014) , from grid points overlying the chronology locations. Correlations were computed for the period of maximum overlap between each site chronology and the observational climate record. Climate analysis was performed using the seascorr MATLAB function (Meko et al., 2011). proportionally more wall material: an almost perfect covariation. In the following, we will discuss the implications of this shift in relative importance of cell anatomical features for wood density, and use it to decipher the inconsistent associations among treering parameters as well as the complex temperature responses of the density parameters; and how this shift can be exploited for interpretations of interannual variability in anatomical properties and associated xylem functionality.
Tracheid anatomy explains tree-ring data relationships
We have shown that TA is the main anatomical feature determining earlywood density. TA had a negative influence on density (Fig. 3c) , but was positively correlated with the number of cells per ring (Fig. S9) , which is the main determinant of ring width (Vaganov et al., 2006) . Therefore, when correlating earlywood density and ring width it is very likely to show a negative relationship, as observed in this study (Fig. 4) . The importance of TA in determining density was reduced in latewood compared with earlywood, but also, instead of having a negative influence on density as in the earlywood, TA had a positive association with density in the latewood (cf conceptual model of earlywood and latewood density in Fig. 3 ). As the contributions from both CWA and TA to latewood density appear to be positive, and both CWA and TA are positively correlated with the number of tracheids (Fig. S9) , positive correlations between width and density are very likely to be obtained, as observed in this study (Fig. 4) . Thus, the 'EW-LW correlation-sign change' is probably driven by the fact that the earlywood and latewood components maintain this fundamental shift in relative importance of cell anatomical features.
Inferring structure and functionality using tree-ring data
Further capitalizing on the combined use of anatomical data and tree-ring data, our results are also relevant because they provide evidence for a causal link between a widely used ecological and environmental proxy (density) (Chave et al., 2009; Stoffel et al., 2015; Wilson et al., 2016) and its fundamental structuralfunctional origin (anatomy).
The consistency of our discoveries (> 90% of sites had significant negative correlations between ring width and earlywood density (a < 0.05)) implies an almost universal mode of coupled environmental response of earlywood width and earlywood (Sperry et al., 1994) . Because earlywood density is mainly controlled by changes in tracheid size (TA and lumen area are interchangeable in the earlywood, i.e. almost perfectly correlated; Fig. S9 ), and changes in tracheid size have an exponential impact on conductivity, density and width should be interesting proxies for interannual variations in conductivity because of the currently superior replication and geographical coverage of tree-ring data. This prospect has previously also been suggested by Dalla-Salda et al. (2011) , who conducted their study on 27 juvenile plantation Pseudotsuga menziezii trees.
Furthermore, there was also a near universal mode of coupled environmental response of latewood width and latewood density (> 80% of sites showed significant positive correlations between ring width and latewood density; a < 0.1). The mechanical function of the xylem is promoted by increased deposition of wall material (Chave et al., 2009) and an increased number of latewood cells. By maintaining the shift in the relative importance of tracheid features moving from the earlywood to the latewood, the same environmental conditions can consecutively promote the conductivity of the earlywood and the mechanical function of the latewood. The density of the latewood may thus compensate for any impairment in the mechanical function of the earlywood, complying with universal plant functional trade-offs (Baas et al., 2004) .
Environmental responses in the functionality of either earlywood or latewood anatomy have, to our knowledge, only been established at the local scale (e.g. Pritzkow et al., 2014; Castagneri et al., 2015) . In this study, we indirectly demonstrate, for the first time, that conifers may increase their hydraulic efficiency in the earlywood, as well as their mechanical strength in the latewood, as a response to the same environmental conditions. Interestingly, these modes of responses are largely independent of phylogeny or prevailing climate regimes in the Northern Hemisphere.
Anatomical basis and sequential formation explain differences in temperature responses
Tracheid size, the major determinant of earlywood density, is a function of turgor pressure and hormonal control through cell wall relaxation occurring during the phase of cell enlargement (a) (b) Fig. 7 The figure shows how ring width and density parameters derived from anatomical data were correlated, and compares this to the sensitivity analysis results where density parameters were calculated holding one of the anatomical parameters at an average value. (a) The average development of correlation coefficients between different bivariate density parameters (q CWA/TA ), defined in equation 2 and corresponding widths from the cell anatomical data set, shown as black dashed (Larix sp., n = 3) and solid (Picea sp., n = 5) lines. The gray field is the difference between the averages for the two genera. This depicts the phenomenon termed 'EW-LW correlation-sign change' which refers to the fact that earlywood width is negatively correlated to earlywood density, and latewood width and ring width are positively correlated to latewood density. The dashed and solid lines bounding the red field describe the same correlation analysis as those bounding the gray field, except that q CWA/TA is replaced by univariate density (q CWA ), where only cell wall area (CWA) contributes to interannual density variability. The dashed and solid lines bounding the green field describe the same analysis as those bounding the red field, except that, q CWA is replaced by q TA , where only tracheid area (TA) contributes to interannual density variability. (b) The dashed and solid lines bounding the red and green fields show the same analysis as the dashed and solid lines bounding the red and green fields in a), except that the widths are replaced by q CWA/TA . Described by the dashed and solid lines bounding the brown field, q CWA and q TA are correlated against each other.
( Cosgrove, 1993) . For trees in cold-limited environments, conductivity, expressed by lumen area, is increased with temperature (Petit et al., 2011) . The apparent paradox that temperature could drive tracheid enlargement can perhaps be explained by the fact that water availability generally is not a limiting factor in cold environments. This was indirectly observed in this study, where responses to precipitation were modest and responses to temperature were pronounced (Figs 5, S6) . Because the temperaturesensitive cell size has a negative influence on earlywood density, the major response is negative in midsummer, coinciding with the period when most of the cells are formed and mature (e.g. Seo et al., 2008; Cuny et al., 2014) . As TA does not exclusively determine earlywood density, there is probably also some influence of CWA. The positive temperature response preceding the negative temperature response, also found as a lagged correlation in the previous year, is presumably best explained as a wall deposition signal. In the latewood, where both TA and CWA were found to positively influence density, we did not observe, and should not expect, negative responses to temperature. Studying the positive temperature correlations for the density parameters (Figs 5, 6) , it is clear that their timing did not fully match the timing of ring/ cell formation (e.g. Seo et al., 2008; Cuny et al., 2014) .
Earlywood densities showed consistently positive responses to temperature in the previous year. Latewood densities had pronounced responses to early spring temperatures. The cell wall contribution to wood density, regardless of whether in earlywood or latewood, must therefore be realized by capitalizing on resources obtained over an extended period, including the time before wood formation. This is supported by Kagawa et al. (2006) , who reported that earlywood formation strongly relies on photosynthates stored from the previous year in Larix gmelinii, and by Kuptz et al. (2011) , who concluded that older pools of photosynthates are also used for secondary stem growth in Picea abies. Vaganov et al. (2009) also found a carry-over effect of the d 13 C (the ratio of the stable isotopes 13 C and 12 C) of latewood in the previous year on that of earlywood in the current year in P. abies and Pinus sp. Although the use of resources obtained over an extended period is compatible with latewood results from the anatomical data set, the previous-year lagged response in the earlywood was not detectable (Fig. 8) . This absence of a lagged correlation in the anatomical data does not, however, rule out a lagged use of resources from the previous year to build earlywood tissue, but it dilutes the support for a lagged resource-use.
To summarize, the differentiated relative importance of anatomical features causes major differences between the In the solid and dashed lines bounding the red field, the middle panel, same as in the top panel except that q CWA/TA is replaced by univariate density (q CWA ), where only CWA contributes to interannual density variability. In dashed and solid lines bounding the green field, q CWA is replaced by q TA , where only tracheid area (TA) contributes to interannual density variability. Correlations were computed between monthly temperatures from January through December and the different density parameters minimum density (MND), earlywood density (EWD), tree-ring density (TRD), latewood density (LWD) and maximum latewood density (MXD). Climate data were obtained from the CRU TS3.22 data set (Harris et al., 2014) , from grid points overlying the chronology locations, and correlations were computed for the period of maximum overlap between each site chronology and the observational climate record.
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New Phytologist temperature responses of earlywood and latewood density. Moreover, these differences may also be amplified by a possible dependence on previous year's reserves for earlywood density.
Similarities in wood density temperature responses are still elusive
In addition to distinct differences, we found conspicuous similarities in the temperature signals of earlywood and latewood densities. These were represented by synchronous positive early season responses followed by the 'midsummer decline' in the latewood, which was negative for the earlywood (Fig. 6) . In the earlywood, we conclude that this temporal evolution of correlation coefficients is created by the opposing influences of the positive cell wall signal and the negative cell size signal. We do not rule out the possibility that such a mechanism is also present in the latewood. However, this possibility was not directly supported by our analyses, because q CWA also displayed a 'midsummer decline' (Fig. 8) . Recurring midsummer temperature-induced drought, during which high temperatures become a stress factor, is also questionable, because density was slightly negatively affected by increased precipitation just after midsummer (Fig. S6 ), and thus difficult to reconcile with midsummer temperature stress. The role of resource allocation is also inconclusive. A depletion of midsummer assimilates by concurrent cell division and cell enlargement may leave only resources accumulated in early and late summer for latewood formation. This could explain reduced correlations with midsummer temperatures. Cuny et al. (2015) found that the cell division and enlargement processes require astonishingly small amounts of carbon, compared with the wall deposition process, and a depletion when assimilation is at its peak (Bourdeau, 1959 ) is therefore unlikely.
Concluding remarks
We found a transition in the relative importance -from cell size towards cell wall dimensions -that drive distinctly different yearto-year variability of earlywood and latewood density, respectively, in Northern Hemisphere conifers. This transition explains the relationships between radial stem growth and wood density; earlywood densities were negatively correlated with ring widths, while latewood densities were positively correlated with ring widths. It also explains the complex temperature responses of wood density (notably varying intraseasonally in strength or even sign). These findings substantially improve our understanding of interannual variations in conifer growth and are vital for the interpretation of existing and future temperature reconstructions relying on the MXD parameter (e.g. Briffa et al., 2002b; Wilson et al., 2016) .
Furthermore, because we could so easily integrate the anatomical data patterns with the phylogenetically and geographically diverse tree-ring data patterns, and identify a mechanism explaining why we observe these patterns, we conversely infer that the anatomy of earlywood and latewood tissues varies according to some simple universal rules. The year-to-year variability of earlywood tissue is dominated by variation in cell size, which supports hydraulicÀfunctional responses to climate. By contrast, the yearto-year variability of latewood tissue is more dependent on cell wall variations, which permit mechanical-functional responses to climate. By combining the detailed anatomical data with the large-scale tree-ring data, we illustrate how Northern Hemisphere conifers organize investments in earlywood and latewood tissue, to continuously guarantee an adequately balanced and sustainable functioning of the xylem.
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